Recent advances in retinal imaging have improved the evaluation and prognostication of age-related macular degeneration. The development and modification of the scanning laser ophthalmoscope (SLO) has played a pivotal role in our understanding of the disease. SLO has led to improved methods of visualizing characteristics of the disease, such as drusen and alterations in autofluorescence, and also provided a platform for the quantification of structural and functional changes occurring as a result of the disease process. This article provides a review of the current literature on the impact and clinical utility of SLO devices for infrared viewing, fundus autofluorescence, microperimetry, and as integraded multimodal imaging systems such as optical coherence tomography and SLO.
(MP). Modification of the aperture and light source has also generated the indirect, infrared (IR), and retro-mode SLO devices that provide additional methods for the assessment of subretinal disease. The aim of this article is to review recent findings in AMD research that relate to the application of these devices for early detection and monitoring of progression of disease, or response to therapeutic interventions.
Indirect, Infrared, and Retro-mode Scanning Laser Ophthalmoscope
Drusen are a hallmark of early AMD. The term describes the deposition of extracellular material between the RPE monolayer and inner aspects of Bruch's membrane. 17 , 18 The precise mechanisms of the biogenesis of drusen are unknown, but incomplete disassembly of photoreceptor outer segments by the RPE cells is thought to play an important role. Several modifications have been made to the SLO in attempts to better visualize the structural and functional changes associated with AMD, including changes in the RPE, Bruch's membrane, and the deposition of drusen.
These modifications have led to the development of IR, indirect, and retro-mode SLO devices.
IR imaging was introduced for better visualization of deep and subretinal
structures. Initial studies reported that IR images with SLO revealed details of the fundus poorly delineated by the fundus camera. [19] [20] [21] IR SLO has the additional advantage of being able to obtain images even in the presence of mild cataract or hemorrhage. 29 IR imaging provides a non-invasive in vivo method for revealing subtle changes in the RPE/Bruch membrane complex and may be helpful for detecting early CNV, preclinical drusen, and subretinal deposits. 22 The improved capabilities of the cSLO, as previously mentioned, was achieved by modifying the aperture of the direct SLO to allow only the light reflected from the fundus to be detected, reducing the influence of scattered light and improving image quality. 11, 16 In contrast to the confocal approach, it was determined that by blocking light reflected from the fundus with a central stop on the aperture, only laterally scattered light is detected. 23 This was the concept that led to the indirect SLO, which was designed to detect light scattered by lesions on the retina. Drusen are a prominent source of light scatter and are easily detected with indirect SLO. 23 In addition to providing enhanced imaging of macular drusen, in some patients indirect SLO has provided earlier visualization of elevations due to CNV. 22 Retro-mode imaging is another modification that integrates the concepts of confocal and indirect SLO. The aperture with retro-mode imaging is smaller than the indirect SLO, but deviates from the concept of the cSLO in that the aperture is placed laterally, so light reflected directly back from the fundus is blocked. This modification allows only the laterally scattered light from a single direction to pass through. Analysis of these images produces a pseudo-3D appearance to drusen, consistent with the capabilities of indirect IR SLO imaging. 24 Retro-mode SLO has been found to capture images consistent with the appearance of drusen on OCT imaging and can detect significantly more deposits than color fundus photography. 24 This technique may also have the capability to detect subtle changes in drusen occurring over a short period of time. Alterations to the aperture and wavelength of the SLO generated the indirect, direct, IR, and retro-mode SLO devices that all individually provide better methods for detecting subretinal changes occurring in patients with AMD.
Autofluorescence
With the advent of cSLO it became possible to visualize intrinsic FAF and its spatial distribution in vivo. [25] [26] [27] [28] [29] cSLO FAF provides a tool for the evaluation of the RPE in normal aging and in retinal disease. 30 Posterior Segment Age-related Macular Degeneration This pattern has been defined as a regular network of uniform round or oval irregularities of decreased FAF signal surrounded by mildly increased intensities (see Figure 1 ). 54 It is commonly seen in patients with reticular drusen, often referred to as reticular pseudo-drusen. These pseudo-drusen are a new, distinctive morphologic feature observed in AMD that is best seen with red-free, IR, FAF, and indocyanine green angiography ICGA images. [55] [56] [57] Klein and colleagues defined them as ill-defined networks of broad, interlacing ribbons. 58 The combination of reticular drusen and a reticular FAF pattern has been associated with an increased risk of progression to advanced AMD. Smith and colleagues reported that 74 % of patients with the reticular drusen and a reticular FAF pattern had advanced AMD. 59 Prior studies reported lower percentages. 56, [60] [61] [62] The recent discovery of the strong association between reticular disease and AMD progression is attributed to increased utilization of autofluorescence and IR imaging in the management of AMD, as these patterns were difficult to visualize with color fundus photography. process, has also been measured using fine matrix mapping and MP in patients with abnormal patterns of FAF in this zone. 70, 71 These structural and functional alterations in the junctional zone appear consistent with the progression rate of GA. The FAF patterns identified were defined in an attempt to explain the large variability in rates of GA enlargement among patients that cannot be explained by baseline atrophy or any other risk factor (smoking, lens status, or family history). 68, 69, 72 The five junctional zone FAF patterns identified, include no change, focal, banded, patchy, and diffuse patterns. The diffuse pattern, in turn,is separated into five different subtypes (see Figure 2) .
The results reveal a significant correlation between GA expansion rates and specific FAF phenotype at baseline. 18 Two phenotypes showed significantly higher rates of expansion. These were the banded and diffuse FAF patterns. Slower progression rates were found in patients with either the focal pattern or no change in FAF signal. There was also variation seen within the diffuse subtypes. The 'diffuse trickling' subtype showed the fastest rate of expansion, which was twice as fast as other diffuse or banded FAF patterns. 72 Further evidence relating to the significance of FAF patterns in early and atrophic AMD are necessary, but evidence from one of the largest longitudinal studies to date has contributed confirming evidence linking focal and patchy FAF in early AMD as a risk factor for progression to advanced disease. For patients with advanced AMD, the diffuse and banded FAF patterns in the junctional zone of GA appear to be precursors to expansion. 18, 52, 72 Newer studies investigating the association between reticular drusen, reticular FAF pattern, and advanced AMD indicate that reticular macular disease is another important risk factor for disease progression. as small as 2 μm. [76] [77] [78] [79] [80] [81] A major reason for the newly emphasized role of OCT in AMD lies in the ability of SD-OCT to detect even the finest drusen as they begin to appear beneath the RPE. 78 Other important features of the disease, such as RPE atrophy, intraretinal fluid, pigment epithelial detachments, and neovascular membranes, can also be detected with this generation of OCT.
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The Spectral OCT/SLO (OPKO-OTI, Miami, Florida) was the first device to integrate simultaneous high-resolution cross-sectional OCT imaging Longitudinal studies have found many associations between drusen and disease progression in AMD. Small, hard drusen are considered an early sign of AMD, 60 and large numbers of hard and soft drusen have been shown to progress to GA. 64, 84, 85 The disappearance of drusen has also been observed, and is associated with the absence of apparent progression of AMD. 86, 87 Multiple studies have noted this finding, suggesting that up to 34 % of drusen can disappear over a five-year follow up. 86, 88 The
OCT/SLO provides the resolution and precise localization required for quantitative and qualitative analysis of macular drusen.
Quantitative analysis of drusen suggests that greater drusen diameter and area may be associated with a significant risk of progression to advance AMD 8,89,90 and increased drusen load has been correlated with advanced stages of AMD. 31, 64, 85, 91, 92 Originally drusen were quantified using stereo viewing and manual segmentation. This mechanism had a relatively high specificity and sensitivity but inter-observer agreement was low and the process was time consuming. 93 The Columbia group assessed these problems and generated a semi-automatic mechanism for quantifying drusen on CFP by using automated background leveling and thresholding. 93 The automated drusen method offers an efficient method for drusen segmentation and maintains a similar sensitivity and specificity as the stereo viewing method. 93, 94 This quantification strategy was also applied to OCT, using an SD-OCT to generate a volume scan with summed-voxel projection of a series of B-scans for drusen analysis and quantification. The results showed that drusen area determined with SD-OCT was similar to that determined with CFP, and SD-OCT had increased sensitivity in patients with greater total drusen burden. 95 Integrating this method into an OCT/SLO system could offer the advantage of tracking precise changes in drusen load over time.
Another study used SD-OCT to quantify macular drusen to demonstrate that drusen volume strongly correlates with the standard Age-related eye disease study (AREDS) grading scale. They suggest that the addition of SD-OCT quantified macular drusen load to the AREDS grading system could increase the correlation between AREDS score and the incidence of CNV.
Increasing the predictability of the AREDS system could better identify individuals at higher risk for progression, who require more intense and frequent monitoring to detect CNV earlier to limit visual loss. 96 In addition to monitoring drusen load to predict disease progression, several studies have attempted drusen reduction as a means of preventing vision loss. [97] [98] [99] However, before accurate correlations can be made between changes in drusen load and disease state, a reliable mechanism for quantifying drusen must be established.
Qualitative analysis of drusen is also possible with the advent of OCT/SLO. Several recent publications have focused on defining morphologic OCT characteristics observed in dry AMD. 81,100-103 Khanifar and colleagues described 17 different patterns based on drusen shape, internal reflectivity, homogeneity, and the presence of foci over drusen. 104 They demonstrated that a convex drusen shape and low or medium internal reflectivity were the drusen characteristics most responsive to Copaxone treatment. Convex drusen typically appear as hard drusen on SD-OCT. The variation in treatment response is consistent with the idea that while hard and soft drusen may be of common origin, they differ in their appearance, natural history, impact on progression to advanced AMD, and response to treatment. 105 The stability and regression of various drusen over the course of treatment is demonstrated in Figure 3 . 
Microperimetry
MP is a novel technique of fundus-based perimetry that allows the clinician to evaluate macular function quantitatively while simultaneously tracking the location and stability of retinal fixation. 106 The Rodenstock SLO (RcSLO, Rodenstock, Düsseldorf, Germany) was the first fundus-based perimeter. 107, 108 It used an IR image to perform manual perimetry. Initial reports found decreased retinal sensitivity in regions of large drusen with clearly defined borders. No change was noted over areas of soft drusen, nor was any correlation found between drusen size and severity of sensitivity loss. 109 Vujosevic and colleagues used this device to demonstrate a decrease in retinal sensitivity in patients with increased FAF signal in the junctional zone surrounding GA. 110 This suggested that LF accumulation in RPE cells surrounding areas of GA resulted in a functional deficit. 71 This supports a previously mentioned observation that the accumulation of LF in the junctional zone precedes the expansion of GA. 65 With the introduction of the MP-1 (Nidek Technologies, Gamagori, Japan), MP was automated and designed to test identical points on the retina during baseline and follow-up testing. During the examination it also compensates for eye movements and functions independent of fixation location and stability; an essential feature for any test intended for patients with macular disease. 15 The MP-1 uses video fundus camera to capture real-time fundus imaging during perimetry and captures a color fundus image at the end of the test phase, on which the results are presented. The MP-1 allowed testing of a greater retinal field than the Rodenstock SLO, but the quality of the non-SLO IR images were limited. This prevents analysis of retinal sensitivity in association with small features of macular disease such as drusen and other retinal pathologic abnormalities.
Studies with the MP-1 revealed macular function loss in early and intermediate AMD before significant visual impairment or changes in fixation are established. 111 The detection of macular dysfunction even in the absence of significant visual loss can be attributed to the degeneration of the RPE cells and photoreceptors. 14, 112 Decreased macular sensitivity was demonstrated over large drusen, pigment abnormalities, and areas of increased FAF signal in patients with AMD. 113 These findings advise the use of FAF and MP in combination for monitoring AMD progression.
Longitudinal analysis with MP-1 proposed a sequence of events in the functional deterioration of vision in patients with AMD. Initially, patients experience a mild decrease in central retinal sensitivity and visual acuity, followed by progressive fixation instability and ultimately the development of an absolute central scotoma with total eccentric fixation. 106, 111 Another form of manual perimetry is blue-on-yellow perimetry. This technique uses the SLO to simultaneously perform fundus imaging with invisible light while testing with a different laser source. 114 By using a yellow background it suppresses the response of most cones, isolating the response of only the short-wavelength sensitive (SWS) cones. 10, [115] [116] [117] [118] [119] [120] [121] The selective loss of the SWS mechanism occurs in glaucoma, diabetes, AMD, and other macular diseases. 112, 119, 121, 122 It is proposed that the SWS pathway lacks the redundancy that other pathways possess, allowing disease of the inner retina or photoreceptor/RPE complex to cause loss of function. 123 Remky and Elsner found that in the early stages of AMD, patients had decreased macular sensitivity in the SWS pathway Scanning Laser Ophthalmoscope in the Management of Age-related Macular Degeneration despite good visual acuity. These patients exhibited a diffuse loss of the short-wave sensitivity and a localized loss over areas of drusen, confluent material, atrophic patches, and hyperpigmentation. 123 A more integrated version of MP was developed using the Spectral OCT/SLO. MP was incorporated into the system allowing real-time observation of the fundus and analysis of the neurosensory retina while testing retinal sensitivity. 124 The OCT/SLO-MP device scans a region of the fundus that is designated by the operator by directing the patient's fixation. The system automatically tracks fundus localization using retinal vessel alignment to ensure accurate stimuli placement for the duration of the test and in subsequent scans.
Traditionally, color fundus photographs were the gold standard for the assessment of macular degeneration, but the ability to view retinal abnormalities in a third dimension using SD-OCT provides a more comprehensive picture of retinal abnormalities. 96, 102, 125 Prior to this, MP layer. 127 The relationship between the IS-OS layer and retinal sensitivity has been reported in a variety of diseases. [128] [129] [130] [131] [132] Landa and colleagues demonstrated that retinal sensitivity was more influenced by IS-OS status than was best-corrected visual acuity (BCVA) in patients with AMD, suggesting that MP may be a more sensitive method than BCVA for following retinal function. 127 They also demonstrated that patients OCT/SLO MP is also able to detect a decrease in mean retinal sensitivity over areas of small drusen. This correlates with histological changes seen in the photoreceptor layer over larger drusen, such as the reduction of the outer nuclear layer and changes in the synaptic cytoarchitecture.
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In vivo imaging studies also showed a thinning of the photoreceptor layer over drusen. 103 A multivariate analysis of factors including drusen height, volume, diameter, and IS-OS status found that IS-OS junction integrity was the strongest predictor of retinal sensitivity. If the extent of IS-OS junction integrity is known, individual drusen measurements do not give additional predictive information about retinal sensitivity. 133 Using higher-quality images compared with the original Rodenstock SLO, the investigation of retinal sensitivity in the junctional zone of patients with atrophic AMD using OCT/SLO MP was repeated. 96 Similar to the original report, findings of variable but definite reduction in retinal sensitivity was noted in patients with increased FAF intensity in the junctional zone. RPE cell damage in the regions characterized by increased FAF was also confirmed by SD-OCT imaging. 126 The 
